SUMMARY: One of the most important parameters in ionospheric plasma research also having a wide practical application in wireless satellite telecommunications is the total electron content (TEC) representing the columnal electron number density. The F-region with high electron density provides the biggest contribution to TEC while the relatively weakly ionized plasma of the D-region (60 km -90 km above Earths surface) is often considered as a negligible cause of satellite signal disturbances. However, sudden intensive ionization processes like those induced by solar X-ray flares can cause relative increases of electron density that are significantly larger in the D-region than in regions at higher altitudes. Therefore, one cannot exclude a priori the D-region from investigations of ionospheric influences on propagation of electromagnetic signals emitted by satellites. We discuss here this problem which has not been sufficiently treated in literature so far. The obtained results are based on data collected from the D-region monitoring by very low frequency radio waves and on vertical TEC calculations from the Global Navigation Satellite System (GNSS) signal analyses, and they show noticeable variations in the D-region's electron content (TEC D ) during activity of a solar X-ray flare (it rises by a factor of 136 in the considered case) when TEC D contribution to TEC can reach several percent and which cannot be neglected in practical applications like global positioning procedures by satellites.
INTRODUCTION
The terrestrial ionosphere is used for detection and investigations of different effects produced by numerous phenomena in outer space and different Earth layers. The research in this field includes scientific analyses of various phenomena in the ionosphere as e.g. lightnings , tectonic motions (Astafyeva and Afraimovich 2006, Dautermann et al. 2009 ), the sunrise and sunset (Afraimovich et al. 2009 , Nina andČadež 2013 , solar eclipses (Singh et al. 2011 , Maurya et al. 2014 , Verhulst et al. 2016 , γ ray burst (Inan et al. 2007 , Nina et al. 2015a ), solar activity (Kolarski et al. 2011 , Nina et al. 2011 , 2012a ,b, Schmitter 2013 ,Šulić and Srećković 2014 , Satori et al. 2016 , nuclear explosions (Madden and Thompson 1965 , Yang et al. 2012 , Zhang and Tang 2015 as well as ionospheric harmonic and quasi-harmonic hydrodynamic motions (Jilani et al. 2013 , Nina andČadež 2013 . However, the ionosphere has also a very important role in practical applications, primarily in telecommunications (Bajčetic et al. 2015 , Alizadeh et al. 2015 .
The total electron content (TEC) is one of the most important parameters that describes the ionospheric state and structure and provides an overall reflection of ionization processes. It is the column electron number density defined as the number of free electrons in a column of unit cross section extending from the ground to the top of the ionosphere. In addition to scientific research (see, for example, Afraimovich et al. 2009 ) TEC is used in calculations needed for practical applications in telecommunication (for example in systems which use transionospheric radio waves, Hofmann-Wellenhof et al. 2001) and in global navigation satellite systems (GNSS, Jakowski et al. 2005) . Keeping in mind that radio communications, positioning, navigation and timing by GNSS signals play a critical role in telecommunications, geodesy and land surveying, emergency response, precision agriculture, all forms of transportation (space stations, aviation, maritime, rail, road and mass transit) the studies of relevant signal propagations and consequently TEC is of great importance at the present time.
TEC measurements are made mostly using the GNSS data because of a good global coverage of the GNSS observation network (Shim 2009 ). However, TEC can be calculated from electron densities obtained by different methods depending on altitude. For the low-altitude ionospheric monitoring they are based on radio propagations, and rocket and radar measurements (see Grubor et al. 2005 , Strelnikova and Rapp 2010 , Nina et al. 2011 , Chau et al. 2014 , Kolarski and Grubor 2014 while the upper ionospheric monitoring is based on ionosonde and satellite measurements (see Stankov et al. 2011 ).
The most important contribution to TEC during standard unperturbed conditions is the ionospheric F-region while the contribution from the lowest ionospheric altitudes can be neglected. However, variations in perturbation's intensity can cause significant changes of physical properties of the ionosphere affecting plasma parameters, Schuman resonance, propagation of radio signals in a wide range of frequency bandwidths (ULF, SLF, ELF, VLF, LF, HF), etc. which is treated in literature (Kulak et al. 2003 , Satori et al. 2005 , Eccles et al. 2005 , Williams and Satori 2007 , Nina et al. 2015 As investigations indicate, intensity of perturbations can be strongly dependent on location which, as a result, may change the contribution of a particular layer of the ionosphere to the total TEC. A phenomenon which may require a modification of the calculation procedures applicable in the case of unperturbed conditions is a solar X-ray flare. Namely, the relative increase of radiation following such an event is of more intensive influence in the lower than in the upper ionosphere in daytime conditions. This is concluded in numerous investigations showing that not too intensive X-ray flares produced practically no changes to TEC (described primarily by the F-region plasma) while, at the same time, the electron density increase in the D-region altitude can be raised by more than one order of magnitude (Nina et al. 2012a ,b, Singh et al. 2014 . Also, during a very intensive increase of X radiation the height of the electron density maximum can be lowered to the E-region (Xiong et al. 2011 ).
The main aim of this study is to examine whether the total electron content in the D-region (TEC D ) i.e. the column electron number density of the D-region may have a contribution to TEC that can no more be ignored in calculations if the ionosphere gets perturbed by solar X-ray flares. We are focused on analyses of variations in the D-region electron content and its contribution to the total TEC during a solar X-ray flare. Here, we point out that the presented study is related to the daytime ionosphere when the influence of a solar X-ray flare is observable. During nighttime conditions there are no visible signal reactions to flare events.
Our research has two parts. First, we study the time evolution of TEC D and its contribution to TEC for a particular event. Keeping in mind that X-ray flares induce similar ionospheric changes in space and time, and that the goal of this study is to present a procedure for relevant calculations, we consider one typical representative flare of class C8.8 which appeared on May 5th, 2010 and was detected by the GOES-14 satellite. To monitor the D-region and to compute TEC D we use a technique based on the VLF/LF signal propagation relevant to this region. We analyse the DHO VLF signal emitted in Germany and received in Serbia while TEC data are taken from the website http://www.bath.ac.uk/elec-eng/invert/iono/rti.html. The second part of this paper contains a statistical analysis of the dependence of TEC D on this class of solar X-ray flares e.i. on their maximum intensity.
EXPERIMENTAL SETUP AND OBSERVATIONAL DATA
Calculations are here based on data collected by three experimental setups for monitoring the solar X-ray radiation and ionosphere.
First, the considered time period is chosen using data for photon flux recorded by the National Oceanic and Atmospheric Administration (NOAA) satellite GOES-14 (http://satdat.ngdc.noaa.gov/sem/goes/data/new_full/2010/05/goes14/csv/g14_xrs_2s_20100505_20100505.c Here, our detailed research of changes in the contribution of the D-region to vertical TEC was directed to ionospheric perturbations induced by the solar X-ray flare between 11:37 UT and 11:58 UT, May 5, 2010 (Nina andČadež 2014 , Nina et al. 2015b recorded as increase of solar radiation within the wavelengths range 0.1 nm -0.8 nm which is shown in Fig. 1 , in the upper panel.
Second, data for the D-region observation were obtained using the 23.4 kHz VLF signal emitted by the DHO transmitter located in Rhauderfehn (Germany) and recorded by the receiver at the Institute of Physics in Belgrade (Serbia). The ionospheric perturbations were detected as amplitude A rec and phase P rec variations of the considered VLF signal recorded by the AWESOME (Atmospheric Weather Electromagnetic System for Observation Modelling and Education) VLF receiver (Cohen et al. 2010) (Fig. 1 , two middle panels). The DHO transmitter was chosen because it provides the strongest signal received in Belgrade which propagates along a relatively short path (the entire path of around 1300 km is over Europe i.e. it is not transoceanic) allowing us to assume a practically uniformly stratified space within the observational time period which is important for applied modeling.
Third, we calculate the mean TEC related to the considered area using data available on the website http://www.bath.ac.uk/elec-eng/invert/iono/rti.html. These data are determined from the GPS (Global Positioning System e.i. US GNSS) measurement and MIDAS (Multi-Instrument Data Analysis System) tomographic algorithm (Mitchell and Spencer 2003) . The working range covers an area stretching from the northwest encompassing Rhauderfehn (Germany) to the southeast and including the area of Belgrade (Serbia).
D-REGION MODELLING
Modeling the signal propagation requires knowledge of the electron density dependence on space and time. In this paper, the electron density during an X-ray flare is determined by a procedure given in Grubor et al. (2008) and used in many other papers (see for exampleŽigman et al. , Kolarski et al. 2011 , Nina et al. 2011 , 2012a . This procedure is based on matching the observed VLF signal data, amplitude ∆A rec and phase ∆P rec changes, with corresponding results of simulations ∆A sim and ∆P sim of the VLF signal propagation using the Long-Wave Propagation Capability (LWPC) numerical model developed by the Naval Ocean Systems Center (NOSC), San Diego, USA (Ferguson 1998) . The registered amplitude ∆A rec and phase ∆P rec changes are determined with respect to corresponding values in unperturbed conditions. In our case they are 25.6 dB and 16.2
• respectively as seen in Fig. 1 , two middle panels. As to the simulated values of amplitude and phase, they are obtained using Wait's model of the horizontally stratified ionosphere (Wait and Spies 1964) which is incorporated in the LWPC numerical model of the VLF/LF signal propagation, and is characterized by two independent parameters: the "sharpness" β and the signal reflection height H ′ . These parameters are the inputs for the LWPC program which then computes A sim (β, H ′ ) and P sim (β, H ′ ) i.e. their corresponding changes ∆A sim (β, H ′ ) and ∆P sim (β, H ′ ) as output values. Finally, the parameters β and H ′ are determined from the condition of best fitting the experimental data with their numerical counterparts:
According to the above relation Eq. (1), the obtained pairs of Wait's parameters are time dependent β = β(t) and H ′ = H ′ (t) as presented in Fig. 1 (the bottom panel) for the considered case. The electron density now follows from Wait's equation as:
where N e in m −3 , H ′ (t) and h are in km, β is in km −1 and β 0 = 0.15 km −1 . The general expression of TEC D :
has the following dimensional form (in m −2 ) if Eq.(2) is taken into account: Relative contribution of TEC D (t) to TEC(t) can now be defined as:
Finally, to analyse fractional contributions of particular sublayers of the D-region in TEC D changes we calculate ∆TEC Di for the i-th sublayer and obtain analogously to Eq. (4):
where:
is the height of the lower boundary of the i-th sublayer, i max = 15 is the total number of considered sublayers taken with equal thickness δh = 2 km so that h t = h b + i max δh.
RESULTS AND DISCUSSION
As we said in the Introduction, the two main issues of this study are the analyses of the temporal evolution of TEC D characteristics during a solar Xray flare affecting the Earth's atmosphere, and the maximum X-ray intensity influence on TEC D .
Time evolution of TEC D characteristics
To study the temporal evolution of TEC D we used data extracted from the DHO VLF signal registered by the AWESOME receiver system in Belgrade at the time of the solar X-ray flare influence on the ionosphere that occurred on May 5, 2010, and applied the procedures explained in Section 3 to calculate relevant quantities. This event represents a case of a clear response of the D-region to the considered perturbation alone as no other possible source of intensive disturbance was noticeable at the time (see signal reactions in Fig. 1 ). For this reason this event was also treated in our earlier papers (Nina andČadež 2014 , Nina et al. 2015b ). In addition, this flare is not too intensive (class C8.8) and, as it will be shown in the analysis presented in the second part of this investigation, it can produce smaller considered changes in TEC D than events followed by larger intensities. So this analysis is also related to examination of the need for inclusion of the low ionosphere in modeling small TEC changes. This is important for practical application because X-ray flares of class C (X-ray emission in 0.1 nm -0.8 nm with maximum intensity of 10 −6 W/m 2 -10 −5 W/m 2 ) are more frequent than those of classes M and X (X-ray emission in 0.1 nm -0.8 nm with maximum intensity of 10 −5 W/m 2 -10 −4 W/m 2 and above 10 −4 W/m 2 , respectively). This is visible during the entire solar cycle period. For example, the GOES satellite recorded 28 and 0 events of C and M class solar Xray flares, respectively, in 2009 (the solar cycle minimum), while the corresponding numbers were 1797 and 207 in 2014 (the solar cycle maximum). As we can see from Eq. (3), determination of TEC D requires knowledge of the electron density distribution with altitude. So, we first applied Wait's equation Eq. (2) with a set of Wait's parameters β and H ′ (Fig. 1 , the bottom panel) calculated by the established methodology described in Section 3. The altitude and temporal dependence of the resulting modeled electron density N e (h, t) is shown in Fig.  2 . Here it can be seen that the most pronounced electron density variation with height occurs at the time of the electron density maximum around 11:54 UT when it rises by three orders of magnitude, and that the maximum increase relative to the initial value is obtained at 90 km (by more than factor 250). These properties of the electron concentration yield TEC D : its time evolution and its internal vertical structure arising from individual horizontal layers as illustrated in Figs. 3 and 4 .
The time evolution of TEC D obtained from Eq. (4) and presented in Fig. 3 (upper panel) shows that it increases from 0.0017 TECU to 0.2302 TECU (1 TECU = 10 16 m −2 ) rising by a factor 136.
At the same time, the corresponding data for TEC obtained from the web (http://www.bath.ac.uk/elec-eng/invert/iono/rti.html, see Section 2) show its rise from 5.74245 at 11:45 UT (before the flare) to 6.04857 at 12:00 UT which is several minutes after the maximum perturbation of the D-region due to the rather coarse time resolution of 15 min used in TEC data collection. In spite of this, it is now obvious that TEC increases percentually significantly less than TEC D (see Table 1) which is clearly visible in Fig. 2 , the bottom panel, showing the contribution of TEC D to TEC given by r D = TEC D /TEC which rises from 0.03% to a maximum of not less than 1.5% (such an estimate results from the available time sampling of TEC data which is much coarser than in the case of TEC D ) within the same time interval. To analyse contributions to TEC D coming from different heights within the D-region, e.g. to investigate the influence of the considered solar flare Xradiation on different parts of the D-region, we divide it into horizontal layers of equal thickness ∆h = 2 km and calculate the related time dependence for the partial ∆TEC Di (t) for 60 km < h < 90 km. Fig.  4 shows that changes are more intensive at the top of the D-region which is in agreement with Fig. 2 for the electron density dependence.
However, the perturbation variations with altitude are seen more clearly by looking at relative increases of ∆TEC Di (t) with respect to some stationary value for unperturbed conditions ∆TEC Di0 :
where ∆TEC Di0 is obtained from Eq. (4) using characteristic Wait's parameters for the unperturbed ionosphere, according to Grubor et al. 2008. Fig. 5 shows that r(t) varies substantially with height h only during the period of the most intense D-region plasma perturbations when they reach two orders of magnitude. 
TEC D characteristics at the X-ray intensity maximum
In investigations of the TEC D dependence on maximal intensities of flares radiations I max we used statistical analyses for different flare events from Thompson et al. 2005 and Grubor et al. 2008 . The calculation of TEC D at the maximum X-ray intensity is based on Wait's parameters β and H ′ for the analysed events. We first fit these parameters by expressions:
and
(as shown in Fig. 6 ) where I * Table 2 . These fits are then used in calculations of N e and TEC D following the procedure from Section 3. The obtained dependencies of TEC D on I max for flare classes C and M are given in Fig. 7 showing a significant increase in TEC D with I max . Keeping in mined that these values are significantly larger than those for the unperturbed ionosphere we used them as changes of TEC D induced by the solar Xray flare at its intensity maximum. For the C class flares TEC D ranges between about 0.01 TECU and 0.1 TECU at the considered time, and it reaches several TECU for the M class flares which affects the propagation of electromagnetic waves and becomes very important for practical use of GNSS signals in different measurements. In this figure it can also be noticed that data from Thompson et al. (2005) yield larger TEC D than data from Grubor et al. (2008) . Such a difference is expected because the former data are related to the lower latitude D-region where the local ionizing solar radiation is stronger resulting in a larger local TEC D in comparison with the middle latitude D-region where the local radiation is weaker. 
CONCLUSIONS
In this paper we investigate the D-region electron content changes induced by solar X-ray flares. The presented analysis consists of two parts:
• First, we analyse time evolutions of TEC D and its contribution to TEC as well as contributions of different layers of the horizontal D-region parts during a chosen flare disturbation. The method of the study is based on data obtained from the DHO VLF signal emitted in Germany and collected by the VLF receiver located in Serbia. We also used data for the TEC given on the website http://www.bath.ac.uk/elec-eng/invert/iono/rti.ht
• Second, we analyse the influence of flare intensity on changes in TEC D and its contribution in TEC variations applying our technique to a number of different events using their data from literature.
To summarize, the obtained results show:
(i) TEC D can increase by more than two orders of magnitude (in the considered case of intensive flare it increased from 0.0017 TECU to 0.2302 TECU which is equivalent to an increase by a factor of 136).
(ii) The relative increase of ∆TEC D with respect to its initial values is the most pronounced during the perturbation maximum in the Dregion plasma when that reaches two orders of magnitude in the considered case.
(iii) Variations of the TEC D contribution in TEC are significantly larger during the maximum perturbation with respect to the unperturbed condition. In the considered case, it increases from 0.03% to more then 1.5% at several minutes after the perturbation maximum (iv) A significant increase of TEC D with I max is seen at the time of the maximum in Xradiation intensity, I = I max for different flares. The values obtained using LWPC numerical model for propagation VLF/LF radio waves based on Wait's model of ionosphere indicate that TEC D takes values from 0.01 TECU to 0.1 TECU for the class C flares at considered time, while they reach several TECU in the case of the class M flares.
From these conclusions we can see that ionization variations in the D-region induced by solar Xray flares become important in modeling the GNSS signal propagations and its practical applications in measurements during flare activity. The influence of flares significantly increases with I max and it can not be neglected especially in accurate measurements like those in geodesy.
Finally, we want to point out that the present study opens numerous questions related to the Dregion influence on effective ionospheric effects on GNSS signal propagations during intensive perturbations induced by solar X-ray flares.
